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I. INTRODUCTION
Soft piezoelectric transducer films have a large range of existing and potential applications. In particular, they are useful, e.g., in ultrasonic sensors or in dynamic-pressure transducers for biomedical devices, in microphones, microphone arrays, curved or flat loudspeakers, and headphones for electroacoustical systems, in transmitters and receivers for ultrasonic ranging and inspection, in electromechanical sensors for production engineering and process control, etc. Therefore, several routes have been proposed and demonstrated toward soft piezoelectric materials and devices: Polymers with molecular dipoles such as polyvinylidene fluoride and some of its copolymers, ceramic-polymer nano-and microcomposites, e.g., from lead-titanate particles and epoxy resin, space-charge polymer electrets such as polytetrafluoroethylene ͑PTFE͒ and some of its copolymers, etc. Over the past decade, ferroelectrets 1,2 emerged as an additional class of soft transducer films that may be "engineered" by processing or combining suitable materials.
Polymer-based transducers such as electret-condenser microphones or piezoelectric-polymer loudspeakers are usually assembled from several mechanical and electrical components including the active polymer film. In contrast to this use of active "materials in a device," ferroelectrets 1,2 may be considered as films with "devices in a material." In cellularfoam ferroelectrets, [3] [4] [5] micrometer-scale voids with electrically charged internal surfaces work as tiny electret transducers. All together, the large number of such active transducerlike voids yield surprisingly high piezoelectric coefficients. Depending on the material and the charging conditions, piezoelectric d 33 coefficients of up to 1400 pC/N have been reported. 6 Alternatively, the individual voids with internal charges of both polarities may be viewed as micrometer-scale dipoles whose dipole moments vary significantly under mechanical or electrical stresses. Since the relations between the mechanical and electrical input and output quantities are essentially linear, ferroelectrets show primary piezoelectricity.
Cellular-foam ferroelectrets have the disadvantage that their cellular voids always have a rather wide and not so well-controlled size and shape distribution so that only some of the voids are optimal for charging and for transducer operation. 7, 8 In addition, most of the piezoelectric sensitivity is already lost between 60 and 70°C in polypropylene ͑PP͒ ferroelectrets. 9 Consequently, cellular-foam ferroelectrets with higher thermal stability have been developed from polyethylene terephthalate ͑PET͒ and polyethylene naphthalate ͑PEN͒ by means of physical foaming with supercritical carbon dioxide. 10, 11 The polyester ferroelectrets exhibit slightly higher thermal and long-term stabilities that are, however, still not sufficient for many practical applications.
Mainly for these two reasons ͑wide and not well- controlled size and shape distribution of the cellular voids, as well as insufficient thermal stability in readily foamable polymers͒, alternative approaches with thermoformed and relatively large voids between fluoropolymer-electret films 12, 13 or with laser-perforated holes in the central layer of a three-layer fluoropolymer sandwich 14 have been suggested more recently. These systems are, however, still difficult to charge optimally and do not lend themselves easily to largescale production with good reproducibility. Here, we present an approach that avoids these shortcomings and that can serve as a material platform for several types of piezoelectric or even multifunctional ferroelectret films. In order to achieve good thermal stability of the ferroelectret properties, only fluoropolymers with proven stability of the electret properties for both charge polarities were used in the present film systems. The FEP-film ferroelectret systems have wellcontrolled homogeneous tubular channels due to the template-based fabrication process.
II. SAMPLE PREPARATION
For sample fabrication in the laboratory, a lamination apparatus ͑model L-280, Assane®, Brazil͒ was fitted with a suitable temperature controller ͑MT-511R, Full Gauge, Germany͒ so that lamination temperatures up to 300°C can be attained. The laboratory template consisted of a 100 m thick Teflon PTFE film with an area of 30ϫ 40 mm 2 and with parallel rectangular openings ͑area 1.5ϫ 30 mm 2 ͒ cut into the PTFE films by means of computer-controlled laser ablation. The PTFE separations between adjacent openings also had a width of 1.5 mm. Before lamination, the PTFE template was inserted between two Teflon FEP films with a thickness of 50 m each. The three-layer fluoropolymerfilm sandwich was fed to the lamination apparatus which had been preheated to 300°C. The chosen lamination temperature is substantially higher than the melting temperature of FEP ͑about 260°C͒, but still well below the melting point of PTFE at 327°C.
After cooling down under ambient conditions in the laboratory, the two FEP layers are permanently fused to each other through the openings of the PTFE template. Because of the antiadhesive properties of fluoropolymers, the PTFE template can be easily removed after cutting it open at one end. The resulting FEP-film system contains well-defined tubular channels as shown in Fig. 1 . Part ͑a͒ schematically illustrates the laboratory fabrication process, while an optical micrograph of a typical sample is shown in part ͑b͒. Obviously, it is possible to generate uniform channels with a large range of widths, heights, and lengths, as well as arbitrary channel patterns with the present technique. For industrial fabrication, the PTFE templates may be replaced by fixed templates with nonadhesive surfaces around which continuously moving polymer films are laminated in a roll-to-roll process. The laboratory samples were metallized on both sides with circular aluminum electrodes with a diameter of 16 mm and a thickness of 40 nm each.
III. EXPERIMENTS AND RESULTS

A. Charging and the resulting piezoelectricity
In order to charge the FEP foams by means of internal dielectric barrier discharges across the tubular channels, a dc voltage was applied to the electrodes for 10 s by means of a high-voltage supply ͑Trek model 610D͒.
The resulting piezoelectric d 33 coefficient of tubularchannel FEP ferroelectrets as a function of the charging voltage is plotted in Fig. 2 The ferroelectret system consists of two FEP films that are laminated around a well-designed PTFE template at 300°C. After lamination, the stack is cooled down to room temperature. ͑b͒ Optical micrograph of a typical ferroelectret system with tubular channels. Both the cross section at the end of the film and the film surface are visible. Paschen breakdown in the gas has been suggested as the essential mechanism for the internal charging of the voids inside ferroelectrets. 4, 7, 16 According to Townsend's model, the critical breakdown field of common gases in a uniform electric field is a function of gas pressure p and electrode spacing d ͑which in our case is equal to the internal void height͒:
where the constant B is given by
͑2͒
For air, A = 273.8 V m −1 Pa −1 and C =11 m −1 Pa −1 are experimentally determined constants, and ␥ = 0.01 is the socalled second ionization coefficient. Paschen breakdown must take place inside the voids ͑i.e., within the tubular channels for the present case͒, in order to initiate microplasma discharges. For an externally applied voltage V, the electric field in the tubular channels E g is given by
where d p = 100 m is the accumulated thickness of the FEP layers, d g = 100 m is the internal void height, and p = 2.1 is the dielectric permittivity of the solid FEP film. From Eq. ͑1͒, the breakdown electric field for a d of 100 m ͑internal height of the tubular channels between the FEP films͒ at atmospheric pressure is found to be approximately 8.7 MV/m. Equation ͑3͒ yields a corresponding threshold voltage of about 1280 V for the present film system, in very good agreement with the threshold voltage seen in Fig. 2 . The electrical breakdown process inside the tubular channels represents a dielectric barrier discharge ͑DBD͒. 18 It is known that DBDs in cellular PP ferroelectrets are accompanied by light emission that can be recorded with a digital camera. The characteristics of the light emission may also be used to investigate the DBDs in more detail. 7, 8 Figure 3 shows the spatially resolved light emission from an FEP ferroelectret with tubular channels recorded by means of a PCcontrolled electron-multiplying charge-coupled-device camera ͑EMCCD͒ ͑iXon, Andor Technology͒. For such an investigation, samples are metallized on both sides with semitransparent Au electrodes having a diameter of 16 mm and a thickness of 20 nm each. In order to block any light originating from corona discharges at the electrode edges, the sample is covered by a mask with a circular hole of 8.5 mm diameter. A positively biased sinusoidal voltage V = 1 2 V pp ͓1 + sin͑x͔͒ with a peak-to-peak amplitude V pp of 3.5 kV and a frequency of 100 Hz is applied to the sample. According to the widely accepted model of the piezoelectricity in cellular polymer ferroelectrets, charges of opposite sign are trapped at the top and bottom surfaces of the voids during charging by means of DBDs.
A schematic model of the charge distribution in a tubular-channel FEP ferroelectret is shown in Fig. 4 . The charged tubular channels, which carry positive charges on one of their inner large surfaces ͑here on the top surface͒ and negative charges on the other ͑here on the bottom surface͒, can be considered as macroscopic dipoles. The change in the channel height upon mechanical stress leads to a corresponding change of the dipole length and thus also the dipole moment, which results in a change of the induced charges on the electrodes.
Dielectric resonance spectra 19 ͑DRS͒ of cellular FEP ferroelectrets with four different channel heights are depicted in Fig. 5 . The thickness resonances of the tubular channels are found at frequencies between 20 and 50 kHz. As expected, higher resonance frequencies are observed for thinner ferroelectret systems. The real part of the capacitance of a threelayer FEP ferroelectret well below the resonance frequency can be modeled as parallel arrangement of a three-layer capacitance ͑FEP-channel-FEP͒ and a one-layer FEP capacitance ͑cf. Fig. 4͒ . If it is assumed that the areas of the tubular channels and of the laminated zones between the channels are equal ͑cf. Figs. 1 and 3͒ , the capacitances of FEP ferroelectrets with a circular electrode and with channel heights of 25, 50, 70, and 100 m are calculated to be 31.0, 27.9, 26.3, and 24.8 pF, respectively, in reasonable agreement with the CЈ values found in Fig. 5 at frequencies well below the respective resonance frequency. Figure 5 also illustrates that the resonance frequency of the ferroelectret systems can be adjusted by controlling the height of the tubular channels via PTFE templates of suitable thickness. A detailed analysis of the DRS results is under way and will be published elsewhere.
Optimization of the piezoelectric properties and, in particular, of the piezoelectric thickness coefficient and the resonance frequency is thus possible through adjustments of the geometrical parameters of the tubular-channel fluoropolymer-film ferroelectret system, such as the overall thickness of the materials system and the dimensions and the patterns of the tubular channels in it, and through control of the space-charge levels on the internal top and bottom surfaces of the tubular channels. To this end, polymer layers of the required thickness and PTFE templates of suitable geometry have to be employed together with adequate charging voltages and times.
B. Thermal stability of the piezoelectricity
A typical example for the thermal stability of the piezoelectricity in the tubular-channel FEP-film ferroelectrets is shown in Fig. 6 . A sample was charged at room temperature ͑RT͒ under 3 kV for 10 s, and the initial d 33 coefficient was determined at RT. Then the sample was stored in an oven at a preset elevated temperature for 1 h. Subsequently, the sample's d 33 coefficient was measured again at RT. Figure 6 ͑solid squares͒ indicates a slight decay of d 33 after a 1 h storage at 80°C. Storage at 100°C leads to a significant decay of d 33 . Thus the thermal stability of the piezoelectricity of tubular-channel FEP ferroelectrets charged at RT is roughly comparable to that of cellular PEN ferroelectrets.
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Since the macroscopic dipoles ͑charged voids or channels͒ rely on the simultaneous existence of equal amounts of positive and negative charges ͑trapped on the top and bottom surfaces, respectively͒, the thermal stability of the piezoelectricity of FEP ferroelectrets is limited by the inferior thermal stability of positive charges on FEP, rather than by the superior thermal stability of the negative charges.
It is well known that charging at elevated temperatures is an effective way to improve the thermal stability of positive charges in FEP. 20 The decay of the d 33 coefficient in a sample charged at 140°C is also shown in Fig. 6 ͑solid circles͒. The sample was stored at 140°C for 30 min and was then charged with 3 kV for 10 min at the same temperature. After charging, the sample was cooled down to RT under ambient conditions in the laboratory within 20 min still under the charging voltage, and the decay of its d 33 coefficient was determined in the same way as detailed above. Obviously, the thermal stability of the piezoelectric d 33 coefficient of the sample that had been charged at 140°C is much better than that of the one charged at RT. Only a slight decay of about 15% is observed after annealing at 130°C. Therefore, the piezoelectricity of properly charged FEP ferroelectrets is much better than that of PP ferroelectrets whose piezoelectricity decays already quite significantly at 60°C.
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IV. CONCLUSION
Tubular-channel FEP-film ferroelectret systems have been fabricated by laminating two FEP films around a PTFE template at 300°C, followed by removal of the PTFE template from the laminated stacks. A piezoelectric d 33 coefficient of up to 160 pC/N has been obtained. The piezoelectricity of tubular-channel FEP ferroelectrets charged at elevated temperature is thermally stable at temperatures of at least 130°C. Advantages of the material system include its simplicity, its suitability for small-scale laboratory and largescale industrial fabrication, and its well-controlled geometry that can be adjusted over a wide range of channel sizes and patterns according to the requirements of the respective device applications. Since the transducer function has been built into the material system, transducer elements or arrays can be cut from a roll of the ferroelectret polymer film and only need to be connected to a suitable amplifier.
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